Aims. To investigate the association between cognitive ability in late adolescence and subsequent substance misuse-related events in men, and to study the underlying genetic and environmental correlations. Design. A population-based longitudinal study with three different family-based designs. Cox proportional hazards models were conducted to investigate the association at the individual level. Bivariate quantitative genetic modeling in (1) full brothers and maternal half-brothers, (2) full brothers reared together and apart, and (3) monozygotic and dizygotic twin brothers was used to estimate genetic and environmental correlations. Setting. Register-based study in Sweden. 
Introduction
Lower cognitive ability (CA) has been associated with an increased risk for mental disorders, including alcohol and drug use disorders [1] [2] [3] [4] . Previous studies on CA and substance misuse have used psychiatric interviews [1] and registered medical information [2] [3] [4] , and have assessed CA in childhood, adolescence or early adulthood. In these studies, CA has often been found to predict both alcohol and drug use disorders in a similar manner [2, 3] .
Despite the associations being relatively well established, the underlying mechanisms have remained poorly understood. Familial factors are important for CA as well as alcohol and drug use, and twin and family studies indicate the familiality to be mainly due to genetic influences [5, 6] . Consequently, one possible cause for the association between low CA and risk for substance use disorders is pleiotropy, or shared genetic influences between the two traits [7] .
Studies with twins have found support for shared genetic influences between CA and an alcohol use/problem composite measure [8] , and between verbal CA and different indicators of alcohol problems [9] . However, in addition to genetic influences, environmental influences shared by family members contribute both to CA [6] and to drug abuse [10] in adolescence and young adulthood. Twin studies often have insufficient statistical power to detect small but non-negligible proportions of shared environmental variance [11] , and previous studies may have been limited in their ability to detect shared environmental sources of covariance between CA and substance use problems [8, 9] .
Further, despite the success of twin studies in estimating the heritability of human traits and behaviors [12] , critics of the method have pointed out potential limitations, such as the equal environments assumption (EEA) [13] and representativeness of twin samples [14] . EEA is the assumption that etiologically relevant environments are no more similar in identical (monozygotic, MZ) than in fraternal (dizygotic, DZ) twins. Representativeness of twin studies may be questioned on the basis of studies being typically based on voluntary participation which often results in substantial non-participation and attrition rates, and because twins may not be fully representative of the general population, although the latter critique seems invalid as twins have been shown to be similar to singletons in many psychological and medical traits [15] [16] [17] .
Providing an accurate estimate of the risk for substance abuse associated with lower CA, as well as understanding why lower CA increases risk, are important research goals because of the currently limited understanding of individual differences in the risk for substance abuse.
Specifically, understanding the causes of the familiality of the association is important, as genetic and shared environmental sources of covariance would imply different underlying risk mechanisms and point towards partly different intervention strategies. One approach to complement and extend previous twin studies is to use other family-based research designs, such as analyses of full and half-siblings [18] [19] [20] .
To accomplish these goals, we conducted the largest study to date on the predictive association between CA and substance misuse-related events in medical and criminal registers, based on more than 35 years' coverage of nationwide register data from Sweden.
We aimed (1) to describe the predictive association between CA in late adolescence and substance misuse events later in life, and (2) to clarify the genetic and environmental etiology of the association using quantitative genetic analyses based on three different family-based designs.
Methods

Study population
We performed a nationwide cohort study of Swedish men by linking several longitudinal population registers maintained by governmental agencies. Data were available until December 31, 2009. A unique personal identification number, given to all citizens at birth, was used as key in the register linkages. CA was assessed during a 2-day conscription assessment for the Swedish Armed Forces, mandatory until 2009 for all Swedish men at age 18. Only those with severe diseases, handicaps or intellectual disability were exempt, and more than 95% of men generally attended the conscription [21] . We linked information from [21] . The SEB67 and SEB80 were paper-and-pencil tests with four subtests assessing verbal, visuospatial, technical and inductive abilities, all summed to derive a general CA measure. High internal consistency has been reported for the SEB80 (coefficient alpha = .79 -.91) [24] . A new version of the SEB (CAT-SEB), utilizing computer-aided testing, was launched in 1994. The CAT-SEB was based on a hierarchical model of cognitive abilities and included 12 tests, 10 of which were used to form a latent general CA factor. The reliability of the CAT-SEB tests is also good (coefficient alpha = .70 -.85) [25] . The CA variable, based on the described SEB versions, is presented on a stanine (standard nine) scale as a normally distributed variable divided into nine categories (1-9, lowest to highest cognitive performance) with a mean of 5.1 and a standard deviation of 1.9 in the present study. The scale was standardized separately for each year of conscripts, resulting in a constant distribution across the study period.
Substance misuse. Substance misuse events were assessed with an omnibus measure combining information about alcohol and drug related criminal convictions, medical treatments, and deaths. This measure, which has been used previously [10, 26, 27] A complete list of the included ICD codes is given in supplementary Table S1 .
Covariates. We included potential confounders of the association between CA and substance misuse. Socioeconomic status (SES) during childhood, available from National Censuses in 1960, 1970, 1980, 1985 and 1990 , was derived from the occupation of the head of the household (usually the father) and coded into three classes: low (skilled and unskilled workers across all fields), medium (low-and intermediate-position white collar workers) and high (high-position white collar workers and self-employed professionals and entrepreneurs).
Immigrant status for both parents was included as a dichotomous variable denoting whether the parent was born outside of Sweden. Linear effects of birth and conscription years were included to adjust for potential age and period effects.
Statistical methods
Individual-based analysis. We conducted Cox proportional hazard models to estimate the relative hazard of substance misuse events across the follow-up period starting from conscription. In addition to any substance misuse events, we conducted separate analyses for events based on medical and legal information to inspect differences between the two sources of information. Using medical data from the Patient and the Cause of Death registers, we also conducted separate models for alcohol-and drug-related events. The participants were followed until the occurrence of the first substance misuse event. Those who had no events within the study period contributed person-time at risk until the end of follow-up (December 31, 2009), emigration, or death, whichever occurred first. To reduce the possible effects of reverse causation (i.e., substance misuse affecting CA) and missing register data, we only included men who had no registered substance misuse events before conscription and who had not emigrated before conscription (N = 1,361,066). between CA and substance misuse, for example, would imply that part of the genetic variation influencing CA also has an influence on the risk for substance misuse events. Similarly, correlations (r C , r E ) for the two environmental variance components, C and E, would imply common environmental etiology between CA and substance misuse events, either shared by relatives (C) or unique to an individual (E).
The classical quantitative genetic model for twin data is defined by MZ and DZ co-twins having the correlations of 1 and .5, respectively, for the latent A factors due to the fact that MZ co-twins share 100% of their genome whereas DZ co-twins share, on average, 50% of their segregating genes [28] . Both MZ and DZ co-twins are set to have a correlation of 1 for the C factors, based on the assumption that they have been reared together. The E factors, denoting individual-specific environmental influences (including measurement error), are defined to be uncorrelated for both twin types.
In addition to the model in twins (Twin model), we conducted corresponding bivariate models using data from (1) pairs of full brothers and maternal half-brothers (Full/half model), and (2) pairs of full brothers reared together and apart (Full/adopted model). In the Full/half model, A correlations for full brothers and maternal half-brothers were set to .5 and .25, respectively, and the C correlation was set to 1 for both groups. Thus, we assumed maternal half-brothers to have been reared together. This was based on statistics showing that in Sweden nearly all children have traditionally stayed with their mother after the parents' separation [29] . To make the assumption even more legitimate, we restricted the model to pairs in which brothers were born within less than 5 years of each other. For the Full/adopted model, we used information from the MGR to identify pairs of full brothers in which one brother had been adopted away and the other had not, or in which both brothers had been adopted away but into different homes. We assumed an A correlation of .5 for both groups, whereas C correlations were set to 1 and 0 for brothers reared together and apart, respectively.
In all designs, E factors were defined as uncorrelated between brothers.
The CA variable was treated as continuous in the quantitative genetic models. For substance misuse events, a liability-threshold model was estimated using a binary variable which indicated substance misuse events within 10 years after conscription. Only men with at Comparing with the full bivariate ACE model, we sequentially tested whether the A and C components for CA and substance misuse could be set to zero without statistically significant deterioration in model fit, as indicated by likelihood ratio tests. Subsequently, we tested whether correlations between the statistically significant variance components (e.g. r A ) could be set to zero. The Akaike Information Criterion (AIC) was also used to assess model fit, with lower AIC values indicating better fit. We used the OpenMx package [31] in the software R
[32] for model fitting.
Sensitivity analyses. We conducted separate individual-based analyses for the cohorts tested with the three versions of the SEB as well as for the four different cognitive subtests in SEB67 and SEB80. We repeated the main analysis including also substance misuse events that had occurred before conscription.
Results
Descriptive statistics by CA stanine and in the full sample are given in Table 1 . The length of follow-up was on average 16.9 (SD=9.3) years with a maximum of 35.6 years. The rate of substance misuse events increased by decreasing CA, which is also indicated by the KaplanMeier survival curves (Figure 1 ).
[ Table 1 ]
Adjusting for birth and conscription years, a 1-stanine-unit decrease in CA was associated with a 29% increase in the hazard for substance misuse in the Cox regression (Table 2) .
Adjustment for childhood SES and parental immigration had little effect, but the association was reduced within clusters of full brothers (Table 2) , which suggests the presence of some familial confounding. The association was strongest for substance misuse events derived from the medical registers, and stronger for drug-related as compared to alcohol-related events.
[ Table 2 ]
Correlations within pairs of brothers in all three designs suggested genetic influences on CA and substance misuse as well as their association (Tables S2-S4) . Model fit and comparisons of the bivariate quantitative genetic models are shown in Table 3 . In all designs, significant A influences for both traits and a C component for CA were found, whereas C influences on substance misuse could be set to zero without significant deterioration in model fit. Thus, an ACE CA -AE substance misuse model was selected for testing genetic and unique environmental correlations. In all designs, a statistically significant r A was present. A statistically significant r E was found in the Full/half and Full/adopted models but not in twins (Table 3) . Proportions of variance explained by the A, C, and E factors, and the genetic and environmental correlations between CA and substance misuse from the best fitting models in the three designs are summarized in Figure 2 and in Table S5 . The genetic correlation ranged between -.39 and -.52 in the three models. Estimates from the full bivariate models are given in Table S6 .
[ Table 3 ]
[ Figure 2 ]
Sensitivity analyses
In sensitivity analyses, the association between CA and substance misuse was found to be similar for the paper-and-pencil (HR=1.29, 95% CI: 1.28-1.29) and computerized (HR= 1.31, 95% CI: 1.31-1.32) versions of the SEB.
Separate analyses of the four cognitive subtests in SEB67 and SEB80 data suggested a slightly stronger association for inductive and verbal domains than for visuospatial and technical domains (Table S7) .
Including also substance misuse events that had occurred before conscription had no effect on the results (Table S8) .
Finally, to assess the comparability of CA-substance misuse associations in the individualbased and quantitative genetic analyses, we conducted a probit regression analysis using the dichotomous substance misuse variable within 10 years of conscription. This resulted in a similar association as the Cox regression (risk ratio [RR] associated with a 1-unit difference around the CA mean: RR=1.31, 95% CI: 1.31-1.32).
Discussion
Our large longitudinal cohort study provided unambiguous evidence for lower CA in late adolescence as a predictor of subsequent alcohol and drug misuse events. The observed hazard ratio for any substance misuse events corresponds to 62% increased risk per one standard deviation decrease in CA. This result, being based on almost 1.4 million individuals with follow-up up to 35 years, replicates and extends previous epidemiological studies on CA and substance abuse [1] [2] [3] [4] . The association was stronger for medical events than for substance-related convictions, and it was stronger for drug-related than for alcohol-related medical events. Both findings are consistent with low CA being more strongly predictive of more severe substance misuse.
Furthermore, we found clear support for a negative genetic correlation between CA and risk for substance misuse events. Importantly, our analysis with three different family-based designs provided compatible estimates, with genetic correlations between -.4 and -.5. Thus, using both twin and sibling models we replicated results from earlier twin studies [8, 9] . Despite our large sample and different family designs, we did not find statistically significant shared environmental covariance between CA and substance misuse events. This was irrespective of shared environmental influences explaining 12-20% of variance in CA in late adolescence, which is in line with previous estimates [6, 33] . In contrast, there was no statistically significant shared environmental variance for substance misuse events in any of the three family-based designs. Our results suggest that the familiality of the association between lower CA and risk for substance misuse is due to overlapping genetic influences. The findings of a genetic correlation and limited evidence for shared environmental correlation are congruent with the previous twin studies [8, 9] .
A recent study found support for genetic correlations between alcohol dependence and cognitive measures using polygenic risk scores based on genome-wide association studies of alcohol dependence [34] . This methodology is uninformative about environmental sources of the association but, using measured variation in the DNA, it confirms that the genetic correlations observed here and in previous studies are not artefacts produced by assumptions of quantitative genetic analyses of relatives.
Interestingly, we found a statistically significant positive non-shared environmental correlation between CA and substance misuse events in two of the three designs. Such positive correlation has been reported earlier [8] . The finding implies that in addition to shared genetic variation which makes it more likely that an individual has both lower CA and higher risk for substance misuse-related events, there are counterbalancing environmental influences which are specific to each individual. However, the negative genetic association outweighs this effect and leads to an overall negative phenotypic association.
Limitations of our study include that the sample was entirely comprised of men; the results may not be fully generalizable to women. Second, we used register-based data on alcohol and drug misuse, which may have resulted in exclusion of less severe cases and led to biased estimates. However, we combined data from medical and criminal registers in order to capture more instances of serious substance misuse-related events. Third, our data did not include information about levels of alcohol or drug use before or after conscription. However, when we included register-based substance misuse events that had occurred before the assessment of CA as events in the Cox model, the results were unchanged. This, in combination with the known high stability of CA [35] , suggests that our results reflect a true prospective association between CA and later substance misuse events. Further, although our analyses indicated shared genetic influences we cannot rule out a causal association. Finally, all statistical designs have assumptions and limitations, including the three quantitative genetic designs that were used in this report. However, because the three designs are based on different assumptions, it is unlikely that shared environmental influences explain a substantial part of the associations between CA and substance misuse events.
In conclusion, our findings provide further support for a prospective association between lower CA and an increased risk for substance misuse events. We found that familial factors contributed to this association, and quantitative genetic analyses using three different designs indicated that the familiality was primarily due to correlated genetic influences on CA and substance misuse. Lower CA should be considered as an additional marker of risk for alcohol and drug use problems, and unfolding of the association should be studied further in developmental settings and with genetically informative data. Table 3 . Bivariate quantitative genetic models of cognitive ability (CA) and substance misuse (SM) in three family-based designs CA = cognitive ability, SM = substance misuse, df = degrees of freedom, AIC = Akaike information criterion, -2LL = -2 loglikelihood, A = additive genetic variance, C = shared environmental variance, E = unique (individual-specific) environmental variance, r A = additive genetic correlation, r E = unique environmental correlation The best fitting model in each design is shown in bold font. 
